Varicella-zoster virus (VZV) is an alphaherpesvirus that is known to be responsible for varicella in young children and for localized recurrent lesions (called zoster) later in life, due to reactivation in the ganglia. The disease can be severe in immunocompromised patients such as AIDS patients or transplant recipients. The reference drug for the treatment of immunocompromised patients presenting with VZV infections and of patients presenting with zoster is acyclovir (ACV) (7). Recently, brivudine (BVDU), another nucleoside analog, has been marketed for the treatment of varicella and zoster (15, 23) .
Varicella-zoster virus (VZV) is an alphaherpesvirus that is known to be responsible for varicella in young children and for localized recurrent lesions (called zoster) later in life, due to reactivation in the ganglia. The disease can be severe in immunocompromised patients such as AIDS patients or transplant recipients. The reference drug for the treatment of immunocompromised patients presenting with VZV infections and of patients presenting with zoster is acyclovir (ACV) (7) . Recently, brivudine (BVDU), another nucleoside analog, has been marketed for the treatment of varicella and zoster (15, 23) .
We have demonstrated that several members of a new class of antivirals, the bicyclic pyrimidine nucleoside analogues (BCNAs), are highly potent and selective inhibitors of VZV in vitro (3-5, 12, 13, 16-18) . This new class of compounds exhibits exclusive specificity for VZV and obligatorily requires an alkyl or alkylaryl side chain at the furan moiety for potent anti-VZV activity.
ACV-resistant VZV strains have been reported to emerge with increasing frequency in immunocompromised patients after long-term therapy with ACV (1). These observations justify drug sensitivity evaluation of resistant viral strains obtained after exposure to molecules belonging to different classes of antiviral agents.
The present work demonstrates the exquisite antiviral activity of a selection of the most potent BCNAs against a broad range of clinical VZV isolates. These BCNA molecules were also investigated for their activity against VZV strains that were selected in the presence of several of the BCNAs, demonstrating that the BCNAs select for drug-resistant VZV phenotypes resulting from mutations in the virus-encoded thymidine kinase (TK).
MATERIALS AND METHODS
Viruses. The VZV reference strains Oka and YS were used as control viruses in the different assays, and the Oka strain was used to select drug-resistant virus strains. Seventeen clinical VZV isolates, some of which are resistant to ACV, were included (2, 19) . Virus stocks were prepared as described previously (2) .
Cells. All the experiments were performed on confluent human embryonic lung fibroblast (HEL) cell cultures.
Compounds. The synthesis of the different BCNAs used in the present study has been described elsewhere (12, 13) . 5-Furo-6-octyl-dUrd (Cf 1368), 5-furo-(6-hexylphenyl)-dUrd (Cf 1742), 5-furo-(6-pentylphenyl)-dUrd (Cf 1743), and 5-(6-thiono-decyl)-dUrd (Cf 1603) ( Fig. 1) were compared to the reference drugs ACV [9-(2-hydroxyethoxymethyl)guanine] (GlaxoSmithKline, Stevenage, United Kingdom), penciclovir (PCV) [9-(4-hydroxy-3-hydroxymethylbut-1-yl)guanine] (Novartis Pharmaceuticals Corp., East Hanover, N.J.), ganciclovir (GCV) [9-(1,3-dihydroxy-2-propoxymethyl)guanine] (Roche, Basel, Switzerland), foscarnet (PFA) (phosphonoformate sodium salt) and its predecessor phosphonoacetic acid (PAA) (Sigma Chemical Co., St. Louis, Mo), Antiviral assays. VZV-drug susceptibility assays were performed as previously described (2) . Briefly, confluent HEL cells in 96-well microtiter plates were infected with 20 PFU of cell-associated virus per well. After 2 h of incubation, the inoculum was removed and replaced by the different dilutions (in duplicate) of the tested molecules. After 5 days of incubation, the cells were fixed and stained with Giemsa. The activity was determined by counting the number of plaques for each dilution. The activity is expressed as EC 50 , the effective compound concentration required to reduce virus-induced cytopathicity (CPE) by 50% compared to the untreated control. The data were statistically analyzed by Student's t test.
The toxicity of the compounds is expressed as CC 50 , the compound concentration required to reduce cell growth by 50% compared to an untreated control.
Selection of drug-resistant VZV strains by multiple step selection. The drugresistant virus strains were obtained by serial passage of cell-associated VZV (Oka strain) in the presence of increasing concentrations of the compounds, starting at the EC 50 (1) . The initial multiplicity of infection used to start the procedure of selection with the different drugs was 0.05. The cell cultures were incubated until virus CPE was about 70%, and then the drug concentration was increased by twofold with every subsequent passage of the virus.
After the drugs had reached concentrations of 100 g/ml for PMEA, PMEDAP, and PFA and 10 g/ml for ACV, PCV, GCV, BVDU, BVaraU, HPMPC, HPMPA, and the BCNAs, a last passage was performed in drug-free medium to obtain a virus stock.
The 
RESULTS

Activity of BCNAs against clinical VZV isolates in HEL cell cultures.
To determine whether clinical VZV strains were as sensitive as the laboratory VZV strains Oka and YS to the antiviral effects of the BCNAs, we evaluated the activity of the most active BCNAs against 17 clinical isolates in a plaque reduction assay with HEL cell cultures. The clinical VZV strains were all low-passage viruses isolated from the skin of patients with either varicella or zoster infection, who did not undergo antiviral treatment.
The most potent BCNAs, Cf 1368, Cf 1742, and Cf 1743, inhibited the replication of wild-type VZV clinical isolates with average EC 50 of 0.032 Ϯ 0.017, 0.00083 Ϯ 0.00058, and 0.00043 Ϯ 0.00039 M, respectively, whereas the EC 50 of the reference drugs ACV, PCV, BVDU, and PFA were 3.38 Ϯ 1.87, 3.34 Ϯ 1.20, 0.0098 Ϯ 0.0040, and 84.4 Ϯ 13.6 M, respectively ( Table  1 ). The EC 50 obtained for the wild-type clinical VZV isolates were comparable to those obtained for the laboratory VZV strains YS and Oka (Fig. 2) .
Cf 1742 and Cf 1743 were markedly more potent than other established anti-VZV drugs in vitro. Thus, Cf 1742 and Cf 1743 showed 10-to 25-fold higher activity than BVDU and 4,000-to 7,800-fold higher potency than ACV and PCV in cell culture (P Ͻ 0.001). Furthermore, when the selectivity index (ratio of CC 50 to EC 50 ) was calculated for clinical VZV isolates, Cf 1742 and Cf 1743 showed an unprecedentedly high selectivity against VZV (Ͼ100,000).
Susceptibilities of several drug-resistant VZV strains to BCNAs. The activity of the BCNAs against a variety of VZV (Oka strain) mutants that were isolated after exposure to different classes of antiviral compounds was evaluated. The development of resistance to BCNAs (Cf1368, Cf1742, Cf1743, and Cf1603) was also determined to investigate the potential crossresistance of these virus isolates to other anti-VZV drugs.
As shown in Table 2 , the ACV-, BVDU-and BVaraUresistant VZV strains that were resistant to drugs that depend for their activation (phosphorylation) on the viral thymidine kinase (TK) (i.e., ACV, BVDU, BVaraU, GCV, and PCV) were also (cross) resistant to the BCNAs. A similar pattern of drug resistance was observed when VZV strains selected for resistance against BCNAs were evaluated for their sensitivities to TK-dependent-drugs ( Table 2 ). The BCNAs also lost activity (Table 3) against two TK-deficient VZV strains isolated from an AIDS patient who had undergone prolonged treatment with ACV (19) . These results pointed to an alteration in the viral TK as the molecular basis for the drug-resistant phenotype selected by the BCNAs. In contrast, the BCNAs remained fully active against virus strains that were selected by exposure to PCV, PFA, PMEA, and PMEDAP (Table 4 ). The resistant phenotype of these VZV mutants could be attributed to mutations in the viral DNA polymerase gene, which evidently did not affect the antiviral potency of the BCNAs (our unpublished data).
Thus, as with ACV, BVDU, and BVaraU, but not PCV and the acyclic nucleoside phosphonates PMEA and PMEDAP, development of resistance of VZV to BCNAs occurred preferentially and consistently at the level of the VZV-encoded TK and not at the level of the viral DNA polymerase.
DISCUSSION
Active immunization (vaccination) against VZV is now possible by using a live-attenuated vaccine obtained from the reference strain Oka. The vaccine is highly protective in healthy children, and an immune response can still be observed in individuals who are not fully protected by the vaccine. However, a recent report (10) describes a disseminated varicella infection following vaccination of a child with a profound deficiency of natural killer T cells. This and other reports (6) express concern about the development of life-threatening infections postvaccination that might need antiviral treatment. Another report mentions that chronic herpes zoster lesions that were due to the vaccine VZV strain and were treated with ACV led to the emergence of resistant virus with the genetic background of the vaccine Oka strain (9) . The recent description of several distinct varicella virus strains raises the question of the possibility that the present Oka vaccine may not be protective against all clinical wild-type VZV strains (6) . In addition, an increasing number of patients, particularly transplanted individuals, have iatrogenically induced immunodeficiency. Finally, a variety of reports stress the importance of VZV as the agent of opportunistic infection (8, 14, 20) The use of certain potent immunosuppressive drugs, such as mycophenolate mofetil, seems to increase the incidence of VZV infections, reinforcing the need for prompt and better control of these infections (8) . Also, the treatment of chronic myelogenous leukemia may be associated with a low incidence of VZV infections (11) . All these observations stress the need for new potent antiviral molecules effective against VZV. The present study demonstrates that BCNAs, a new class of bicyclic pyrimidine nucleoside analogues with specific anti-VZV activity (3-5, 12, 13, 16-18) , are virtually equipotent against both laboratory VZV strains and clinical VZV isolates in vitro. Their activity against VZV is far superior to that of the reference compounds ACV and PCV and is also superior to that of BVDU, the drugs presently marketed for the treatment on October 21, 2017 by guest http://aac.asm.org/ of VZV infections in humans (7, 20, 21) . Unfortunately, since the BCNAs are solely inhibitors of VZV and not of any other herpesviruses, including simian varicella virus, no animal model is available to evaluate the antiviral efficacy of the BCNAs in vivo (18) . Despite their unique structure and antiviral selectivity, the BCNAs are not active against VZV strains that are resistant to ACV and BVDU due to amino acid mutations in the viral TK. Also, VZV strains selected by exposure to different BCNAs were cross-resistant to other BCNAs as well as to ACV and BVDU. In contrast, drug-resistant VZV strains obtained under the selective pressure of PFA, PCV, or PMEA, which are known to generate mutations at the level of the viral DNA polymerase, remained sensitive to the different BCNAs tested. Interestingly, although both ACV and PCV are activated by the viral TK, they select for drug-resistant virus strains that exhibit a different genotype (i.e., mutations in TK and DNA polymerase, respectively) (G. (Table 4) whereas ACV-resistantvirus is cross-resistant to all TK-dependent drugs (Table 2) . When all virus resistance data are taken together, they confirm that the VZVencoded TK is essential for the phosphorylation of the BCNAs and for their eventual anti-VZV activity (16) . Indeed, the BCNAs used in this study have also been evaluated for their affinity for purified VZV and herpes simplex virus type 1 (HSV-1) TK (4). The 50% inhibitory concentration (IC 50 ) of the VZV TK enzyme activity ranged between 1.5 and 4.5 M for Cf 1742 and Cf 1743 and the reference compounds BVDU and BVaraU. HSV-1 TK showed a similar affinity for BVDU and BVaraU but lacked any measurable activity against Cf 1742 and Cf 1743 (4). Both Cf 1368 and Cf 1603 were also recognized by VZV TK, although to a lesser extent than were their phenylalkyl-substituted counterparts (IC 50 , 37 to 43 M), but were again not inhibitory to HSV-1 TK (IC 50 , Ͼ500 M).
As expected, the guanine analogues were not markedly recognized by VZV TK. Thus, these data are in agreement with the drug resistance data obtained in this study and point to the crucial role of VZV-encoded TK in the viral specificity and antiviral activity of the BCNAs. The antiviral drugs with activity against VZV (i.e., ACV, PCV, and BVDU) are also active against the two other human alpha-herpesviruses (HSV-1 and HSV-2), and for some (e.g., GCV) the antiviral spectrum is even extended to other herpesviruses, i.e., beta-herpesviruses such as the human cytomegalovirus. As a rule, these molecules are (i) either purine nucleoside analogues such as ACV, PCV, and GCV or pyrimidine nucleoside analogues such as BVDU, which require phosphorylation by the viral TK for their activation; (ii) nucleotide analogues such as CDV, or (iii) pyrophosphate analogues such as PFA, which do not require TK for their activation. The two last classes of molecules are active against resistant viruses harboring mutations in the thymidine kinase gene. The BCNAs differ from the other known anti-VZV drugs in that they are highly selective for VZV and do not inhibit the closely related HSV-1 and HSV-2. At least one of the reasons for this unprecedented selectivity is the lack of substrate affinity for HSV-1 TK (4), making the BCNAs unique in this respect. BCNA resistance development is situated predominantly at the level of VZV TK; in addition, cross-resistance to other TK-depending drugs (i.e., BVDU and ACV) was observed. It would be interesting to identify the nature of the mutations that are present in the VZV TK of the BCNAresistant VZV isolates and to compare them with those occurring in the BVDU-or ACV-resistant virus strains. Recently, other classes of molecules have been described in which the antiviral activity is restricted to certain herpesviruses from different subfamilies. This is the case for the series of benzimidazole D-and L-ribonucleosides showing specific and significant activity against both human cytomegalovirus and Epstein-Barr virus (24) . Similarly to BCNAs, a series of nonnucleosides, i.e., NЈ-␣-methylbenzyl-NЈ-arylthiourea analogs, have demonstrated selective activity against VZV, being inactive against any other human herpesviruses. Drug-resistant viruses selected by exposure to one of these molecules were also cross-resistant to other members of the series. However, these compounds retained activity against ACV-resistant strains of VZV. The presence of mutations at the level of the VZVencoded ORF54 suggests that the products of that gene would play a role in the mechanism of antiviral activity of these nonnucleoside derivatives (22) .
In conclusion, the BCNAs were demonstrated to be exquisitely potent and selective inhibitors of clinical VZV isolates. Despite their unique preference for VZV, they selected for drug-resistant virus strains that showed cross-resistance to other VZV TK-dependent drugs.
